ABSTRACT A wireless electrical resistance tomography (WERT) system has been developed for the realtime imaging particles distribution in centrifugal particles-liquid two-phase fields. The developed WERT system consists of 1) a constant-current injector; 2) a voltage measurement device; 3) two electrodes switching devices; 4) a wireless transmission device; 5) a microcomputer, and: 6) a host computer. The WERT system provides the advantages of miniaturization and wireless transmission as compared to the conventional wired electrical resistance tomography (ERT) systems. Consequently, we wirelessly imaged the real-time particles distribution in the lab-scale centrifuge in particles-liquid (glass beads-NaCl solution) two-phase flow qualitatively at various measurement positions under various rotational velocities. Based on the images, the particles volume fractions in the centrifugal field are measured quantitatively. The measured particles volume fractions at various measurement positions indicate parabolic separation interfaces between the particles-liquid phases, which are in good agreement with the numerical simulation by Euler-Euler method by an average deviation of 7.21%. As the rotational velocity is increased, particles are pushed outward to be raised along the lab-scale centrifuge because of the increased centrifugal force, which causes a sharper paraboloid interface.
I. INTRODUCTION
Centrifuges are preferred machines for separating solids from the liquid phase, as they are able to achieve very high centrifugal forces [1] . Recently, centrifuges for an industrial process are required higher separation efficiency, shorter process time and lower energy consumption due to the growing demand of the product purity and its cost in the industry [2] . These requirements can be fulfilled by an on-line optimization of the rotational velocity and particle supply rate based on the real-time imaging of particles distribution. The particles distribution behaviors in the particles-liquid suspension are of interest as an indication of the performance of the centrifuges [3] and as a means of studying the interaction mechanisms between particles and fluids [4] , [5] . Several real-time measurement techniques were applied to detect turbidity of the separated solution at exit pipes of centrifuges such as light emission method, acoustic backscattered method, and laser diffraction method [6] . However, the measured turbidity is only an indirect reflection of the particles distribution inside the centrifuges and insufficient for the on-time optimization of rotational velocity and particles supply rate. Therefore, a novel technique for the particles distribution imaging in centrifuges is highly demanded from the industry.
As a non-intrusive on-line imaging methods of the particles distribution in particles-liquid two-phase fields, electrical tomography technique [7] - [9] is rather attractive to the industrial applications due to its high temporal resolution, low cost and less complexity [10] . Electrical impedance tomography (EIT) or electrical resistance tomography (ERT) is provided for particles distribution imaging in an electrically conductive medium [11] . In the most industrial applications like centrifuges, the real component of impedance is the dominant property which all materials except superconductivity have and contains sufficient information for particles distribution imaging in ERT [12] , [13] . However, neither common ERT nor EIT systems are applicable to the centrifuges because the centrifuges work at high-speed rotational conditions under a condition that the centrifugal force is usually higher than 1000 times gravity. Development of the miniaturized and wireless sensing system is necessary for the particles distribution imaging in centrifuges.
Apart from ERT and EIT, conventional wireless impedance monitoring has been extensively researched in clinical diagnoses such as cardiac output, respiration and body fluid monitoring [14] due to its high compactness, flexibility and easy collection of measured data. For instance, Lee et al. developed a low-power wearable single pair electrodes bio-impedance measurement system with radio frequency connectivity to achieve continuous monitoring [15] . Depari et al. [16] developed a multi-sensor system consists of an optical photo-plethysmographic sensor and two electrodes for the impedance measurement with Bluetooth connectivity for physical health monitoring during sports activities to provide useful information about the body response to fatigue for athletes [16] . Recently, against the single pair electrode bio-impedance system, Huang et al. developed a wireless and portable EIT system with Bluetooth connectivity for the non-invasive and wireless imaging of human lungs during respiration [17] . However, it is impossible to set up these wireless bio-impedance measurements to centrifuges because of the following three problems. Firstly, due to the safe current limits for bio-impedance measurement for human [18] , the injected current should be designed to be less than 10 µA root mean square current. Under this tiny current level, it is difficult to achieve particles distribution imaging in centrifuges. Secondly, it is no need to consider the impedance imaginary component which would cause additional burden to the measurement systems. Under high centrifugal acceleration conditions, any unnecessary burden may reduce the reliability and stability of the measurement systems. Thirdly, the wireless impedance monitoring is not optimally designed to withstand the high-speed rotation and the consequent centrifugal force.
We have already developed the wireless electrical resistance detector (WERD) system for real-time measurement of particles volume fractions in the centrifugal fields [19] . WERD system overcomes the above-mentioned three main problems of conventional wireless impedance monitoring. However, WERD system does not enable to image the particles distribution of centrifugal particles-liquid two-phase fields such as the shape of paraboloid interface between particles-liquid two-phase flow. Therefore, the wireless ERT system is necessary for the particles distribution imaging of centrifugal particles-liquid two-phase fields.
In this study, a wireless electrical resistance tomography (WERT) system is developed for real-time particles distribution imaging in high-speed centrifuges. WERT system is applied to a lab-scale centrifuge to wirelessly image the particles distribution qualitatively at various measurement positions z m under various rotational velocity ω. Based on the images, the real-time particles volume fractions < α p > in the centrifugal field are measured quantitatively to evaluate < α p > with the numerical simulation by Euler-Euler method. Figure 1 shows the block diagram of the developed WERT system. The WERT system injects a constant sinusoidal current into the objective domain through electrodes attached around the domain boundary to acquire the boundary voltages for the cross-sectional particles distribution image reconstruction. The WERT system consists of 1) a constant-current injector (CCI), 2) a voltage measurement device (VMD), 3) two electrodes switching devices (ESD), 4) a wireless transmission device (WTD), 5) a microcomputer and 6) a host computer.
II. DEVELOPMENT OF WIRELESS ELECTRICAL RESISTANCE TOMOGRAPHY (WERT) SYSTEM

A. CONSTANT-CURRENT INJECTOR (CCI)
Constant-Current Injector (CCI) generates a steady current to the objective domain through electrodes. CCI mainly consists of a direct digital synthesizer (DDS) module (AD9851, SainSmart), a high-pass filter (JRC072D, NJR) and a voltageto-current converter (NJM4556ad, NJR). The DDS module generates a sinusoidal wave source with the specific frequency. The high-pass filter cuts off the frequency at 8Hz to improve the signal quality. The voltage-to-current converter produces an accurate constant current with a maximum magnitude of 1 mA. The magnitude and frequency of constant-current are properly controlled by 5) microcomputer (Arduino UNO, Arduino ORG) to avoid electrochemical reaction and to improve the measurement interference immunity.
B. VOLTAGE MEASUREMENT DEVICE (VMD)
Voltage Measurement Device (VMD) receives, amplifies and demodulate the boundary voltage. VMD measures the boundary voltage among the surface electrodes after the constant current is injected. VMD mainly consists of a differential amplifier, a lock-in amplifier, an instrumentation amplifier and an A/D convertor embedded within 5) microcomputer. The high-pass filters (JRC072D, NJR) firstly cut off low-frequency components of the potential responses from two electrodes with a frequency at 8 Hz. Then, differential amplifiers (LT1167, Linear tech.) calculates and amplifies the potential difference between the two electrodes with an amplification rate of 495. After filtered by a high-pass filters again to remove the low-frequency components generated by the differential amplifiers, the voltage signal is demodulated by the lock-in amplifier with a reference signal with the same frequency as the constantcurrent source. The demodulated voltage signal passes through a low-pass filter with cut-off frequency of 53Hz to obtain the DC level of the voltage, which is proportional to the signal amplitude and phase difference between the input and reference signals. Afterward, the voltage signal is amplified again by an instrumentation amplifier with an amplification rate of 33.9 to improve the measurement resolution. Finally, the analog voltage signal is digitized by 10 bit A/D convertor embedded within 5) microcomputer. The boundary voltages measurement range is from 0V to 5V to depend on the A/D converter performance. Measurement velocity is theoretically maximum 10 kHz to depend on conversion velocity of A/D converter.
C. ELECTRODES SWITCHING DEVICE (ESD)
Electrodes Switching Device (ESD) switches the electrodes in a particular sequence to achieve a comprehensive scan of the objective domain. The current signal is injected through two electrodes, and the differential potential data are collected across all electrode pairs made up of the rest of the electrodes. ESD mainly consists of analog multiplexers (ADG1406, Analog Devices, Inc.) and shift registers (SN74HC595N, Texas Instruments), which is controlled by 5) microcomputer. The analog multiplexers are employed to switch the surface electrode to connect to CCI to inject the constant current into the objective domain, or to connect to VMD to obtain and demodulate the boundary voltage. The channel number of analog multiplexers depends on the number of electrodes; namely, WERT system with 2N -electrodes requires 2 × N ports to operate all the four 2N :1 analog multiplexers switching at the same time, and sometimes cause the ports deficiency problem of 5) microcomputer. In order to solve this problem, shift registers (SN74HC595N, Texas instruments) are used to connect the 5) microcomputer and the analog multiplexers.
D. WIRELESS TRANSMISSION DEVICE (WTD)
Wireless Transmission Device (WTD) is assembled by the wireless module (RN-42-I/RM, Microchip Technology Inc.) which enable to achieve communication via Bluetooth. The advantage of wireless transmission via Bluetooth is its low power and low processing with an overhead protocol. It is ideal for integration into small battery powered devices. The stable transmission distance is within 20 m, and the maximum transmission speed for the Bluetooth module is about 921 kbits/s (>1.2 kbits/second in practical applications), which satisfies the requirement of the WERT system.
E. MICROCOMPUTER
Microcomputer (Arduino UNO, Arduino ORG) is used to control the injection and measurement channels through ESD and is used as the A/D converter to convert analog data to digital data that is processed by 6) host computer.
F. HOST COMPUTER
Host computer is a commercial desktop computer, which is used to reconstruct the particle distribution image based on the raw voltage data. The image reconstruction software in the host computer reconstructs the particles distribution image from the demodulated boundary voltages in the objective domain.
III. EXPERIMENT A. EXPERIMENT SETUP
The developed WERT system was applied to wirelessly image the particles distribution qualitatively and measure the particles volume fractions < α p > quantitatively in a labscale centrifuge. Figure 2 shows the schematic diagram of the experimental setup, which is mainly composed of a PVC cylindrical vessel, a rotational table, a motor, 40 electrodes, WERT system and a PC. The origin of the non-inertial Cartesian frame is defined at the center position of the cylindrical vessel bottom. The PVC cylindrical vessel with a diameter of D = 95 mm and a height of H = 140 mm was sealed by a lid with a sealing ring to avoid liquid spillage. vessel by a stainless steel screw of which diameter d is 8 mm and length is 17 mm in the middle. WERT system was fixed on the rotational table outside the PVC cylindrical vessel and connects to each electrode by electrical cables through the stainless steel screw.
B. EXPERIMENT METHOD
The neighboring method is used as the current-injection and data-collection strategy in the experiment. Hence, there are 8 different currents projections each of which yields 5 differential voltage measurements, and a complete scan of the objective domain yields 40 voltage measurements as shown in Fig. 4 (a) . The 40 voltage measurements are conducted for 5 seconds interval at different z m and rotational velocity ω after the rotating field becomes stable. The time resolution T r is 0.5 s / frame. After that, the image reconstruction is conducted with time-averaged measurements for 5 seconds. Based on the measured voltage data, the cross-sectional images are reconstructed by an image reconstruction algorithm with 3096 elements excluding the area outside measurement as shown in Fig. 4 (b) . The well-known open source software EIDORS implemented in MATLAB package, which suite for image reconstruction for ERT, is used to reconstruct images based on voltage dataset. ERT image reconstruction is a nonlinear ill-posed inverse problem, which is difficult to obtain stable and reliable calculation results. Therefore, the image reconstruction algorithms are required to address the algorithmic convergence problem. In the present work, one-step Gauss-Newton method with Laplace filter is employed to solve the ill-posed inverse problems. The onestep Gauss-Newton (GN) method is a sophisticated regularized method of the ERT inverse problem to enable represent solution as a linear reconstruction matrix, which achieves rapid and real-time imaging. The linearized, one-step inverse solution of the to the ERT inverse problem σ is obtained as [20] 
where σ denotes the conductivity distribution in the objective domain; J is the Jacobian matrix (sensitivity matrix) which is calculated from the forward problem by finite element method. In order to obtain J, the default conductivity is used in EIDORS; λ is the regularization hyperparameter that controls the trade-off between resolution and noise attenuation in the reconstructed image; R is the regularization matrix heuristically determined from a priori considerations by discrete Laplacian filter [21] ; U exp is the voltage data from experiment; U ref is the reference voltage data while only the NaCl solution is adopted. In the present work, an initial value of the regularization hyperparameter is set to be λ = 0.05. The (i,j) element of particles volume fraction in the cross section α
p at different z m is calculated from the conductivity distribution as
where, σ (i,j) is the ith and jth element of the conductivity distribution in the correspond condition; σ
liquid is ith and jth element of the conductivity distribution in the NaCl solution; σ liquid is the conductivity in the NaCl solution (the minimum value of σ (i,j) ) and σ particles is the conductivity in the closest packed particles-liquid mixture (the maximum value of σ (i,j) ). The difference between σ (i,j) and σ 
C. EXPERIMENT CONDITIONS
The 0.5wt% NaCl solution and glass beads with a diameter of d p = 2.0 mm were used as the fluid medium in the experiment. Density of the NaCl solution and the glass beads are ρ l = 1000 kg/m 3 and ρ p = 2500 kg/m 3 respectively. The magnitude of injected constant current was adjusted to 1.0 mA with a frequency of 2 kHz. 2 kHz constant current was used because unnecessary phase difference did not occur for real impedance measurement at 2 kHz. The experiment was carried out to reconstruct the particles distribution image α h p = 60 mm. The average of the standard error rate is 0.06 for 10 seconds at each condition in the steady state. This value is close to 0.0 and is stable. Figure 5 (a) shows the Photograph and Fig. 5 (b) shows the diagrammatic sketch of experimental conditions. Table 1 shows the particles distribution image α 
D. EXPERIMENT RESULTS
IV. MEASUREMENT VALIDATION BY NUMERICAL SIMULATION A. GOVERNING EQUATIONS OF NUMERICAL SIMULATION MODEL
Recent advances in computational fluid dynamics (CFD) coupled with the high performance computing (HPC) technology provide a means by which the complex flow field in centrifuges may be quantified [22] , [23] . In the present work, Euler-Euler method is used to simulate the two-phase flow in the centrifuges due to its less computational load compare with the Eulerian-Lagrangian method. In Euler-Euler method, both the liquid and particles phases are treated mathematically as interpenetrating continua and general equations VOLUME 7, 2019 of mass conservation and momentum conservation in the liquid and particles phases are employed. Since the present study focused on the liquid-particles two-phase flow in a centrifugal field, the numerical model in the simulation is established in the moving reference frame. The governing equations of Euler-Euler model in the moving reference frame are given as follows [24] ∂α q ∂t
where the subscript q denotes either the liquid (l) or particles (p) phases, ρ is the density, α is the volume fraction, u is the velocity vector of the fluid in the moving reference frame, p is the pressure shared by all phases,τ is the stress-strain tensor, K lp is the interphase momentum exchange coefficient between liquid phase l and particles phase p, u lp is the velocity difference between liquid and particles phase, F lift is the lift force, F vm is the virtual mass force, ω is the rotational velocity vector of the moving frame relative to the stationary reference frame and r is the position vector in the moving frame. The summation of liquid and particles volume fraction is equal to one as α p + α l = 1. The closure equation of Gidaspow et al. was used for calculating the stress-strain tensor and the interphase momentum exchange coefficient K lp owing to its robustness at the beginning of the simulation sequence [25] , [26] .
B. COMPARISON BETWEEN PARTICLE DISTRIBUTION IMAGES FROM EXPERIMENTS AND SIMULATION
In order to validate the qualitative particles distribution image α Table 3 at various ω show parabolic phase boundaries between the particles and the NaCl solution, 
where K is the number of measurement condition while K = 25 here, < α exp p,k > and < α sim p,k > are < α p > in the experiment and simulation in the case of measurement condition k, respectively. As shown in z m -< α p > graph of Table 3 , D between the measured and simulated < α p > is less than 20%. Moreover, the average deviation D a between the measured and simulated < α p > is calculated as 7.21% by using of (7) . Therefore, it is clear that the measured < α p > in the experiment by WERT system is in good accord with the numerical simulation.
V. CONCLUSIONS
In order to realize the real-time imaging of particles distribution in centrifuges, a wireless electrical resistance tomography (WERT) system has been developed in the present work. With WERT system, the particles volume fractions < α p > has been measured under various rotational velocities ω and measurement positions z m . Then, an Euler-Euler based numerical simulation was performed for the same geometry and operational conditions as in the experiment for validation. The results are summarized as follows.
1) The developed WERT system consisting of 1) a constant-current injector (CCI), 2) a voltage measurement device (VMD), 3) two electrodes switching devices (ESD), 4) a wireless transmission device (WTD), 5) a microcomputer and 6) a host computer can image wirelessly and accurately the real-time particles distribution in centrifugal particles-liquid two-phase fields. 2) Both the WERT system measurement and numerical simulation presents the same variation trend with the numerical simulation under different parameter conditions of ω and z m . The parabola-shaped phase interface becomes sharper as ω is increased. 3) The measured particles volume fractions < α p > by WERT quantitatively agrees well with the numerical simulation with an average deviation of 7.21%. 
